Cloning plant genes known only by phenctype seemed like a dream only a decade ago. Now it has become a practical, though demanding, experimental challenge. Recently the University of Minnesota hosted asymposium that brought together severa1 experts in cloning genes known only by their phenotypes. The participants presented myriad ways for cloning plant genes, including the use of T-DNA insertion, transposon tagging, positional cloning, restriction enzyme-mediated integration (REMI), site-specific recombination for in vitro chromosome cleavage, targeted restriction fragment length polymorphism (RFLP) subtraction, and yeast artificial chromosomes (YACs) for chromosome landing and walking. Although the meeting focused on plants, biological systems ranging all the way from maize, tomato, and Arabidopsis to mice, Volvox, and Dictyosrelium were presented.
The lmportance of Biology-As Well As Technology-in Cloning Plant Genes A symposium entitled "Cloning Plant Genes Known Only by Phenotype" conjures up an image primarily of methodologies-a point emphasized by Michael Freeling of the University of California, Berkeley, in his opening remarks. However, all cloning strategies discussed at the meeting relied on understanding and integrating the entire biological system. Freeling preferred transposon tagging to map-based cloning because the tagging approach naturally generates new alleles-and these alleles enrich the biology of the experimental system. Similarly, Freeling noted that saturation mutagenesis, both of individual genes and of phenotypes, is especially valuable because the full range of gene functions can be uncovered. "If we had but one sequenced mutant allele for each of the genes with which we work, we would have missed the interesting biology," said Freeling of his laboratory's studies on early leaf development. He also noted the cascading effect that occurs once a sequence is recognized as important, as in the evolutionarily ConseNed homeodomain region in some maize regulatory proteins. ConSeNed homeobox sequences can be used to identify genes containing related homeoboxes, even though the genes might serve very different functions in the plant. An example is the use of a sequence from within the knotted gene of maize to pull out genes with similar homeobox sequences (Jackson et al., 1994) .
Saturation Mutagenesis
The bountiful collection of variants at the S-locus of Brassica is an example of natural saturation mutagenesis. June Nasrallah and coworkers at Cornell University isolated and cloned this locus using the most classical of approachesworking back from the gene product. Based on this pioneering work, it is now clear that the S-locus has an extremely complex organization, including both the S-locus glycoprotein (SLG) and the S-receptor kinase (SRK) genes (Boyes and Nasrallah, 1993) . Further analysis of the genomic region, which extends at least 200 kb, has elucidated the high level of structural polymorphisms occurring among different haplotypes. An example of this variation is one open reading frame found in the S-locus that is entirely absent from some haplotypes. Perhaps the high level of structural polymorphism at the S-locus might play a role in keeping combinations of alleles together during meiosis by preventing or limiting recombination.
A very different type of saturation mutagenesis -genome-wide, rather than of aspecific gene or gene complex-was presented by Uen Feldmann of the University of Arizona. He and his colleagues have generated 14,000 Arabidopsis T-DNA transformants via seed transformation. These transformants contain about 21,000 T-DNA inserts and prwide an impressive 50% probability of having an insert in any gene. Many transformants have been characterized for variants in size, pigmentation, metabolism, or in terms of embryo, flower, or trichome development. Feldmann noted that T-DNA transformants in Arabidopsis may also provide a basis for hybridization-based screening of sequences around T-DNA inserts.
The use of restriction enzymes to increase the rate of DNA-mediated transformation (REMI), a strategy presented by William Loomis of the University of California, San Diego, was quite intriguing (Kuspa and Loomis, 1992) . Thistechnique involves the introduction of restriction enzymes along with linearized plasmid during electroporation to increase rates of genomic transformation. The demonstrated randomness of integration and the enhancement in integration frequency in Dictyostelium, shown by Loomis to be about 50-fold, highlighted the opportunity for this approach in plants. Using REMI, researchers studying Dictyostelium have gone from a situation with relatively few tagged mutants to "more mutants than we know what to do with," Loomis said. A related technique, in which extremely rarecutting sites are introduced by REMI, could provide a strategy for isolating chromosome ends. This would involve digesting the transformed genome with the corresponding rare-cutting enzyme. Only transformants with insertions near the ends of chromosomes would yield small fragments, with the rare-cutting site on one end of the fragment and the chromosome end on the other.
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Transposon systems were highlighted for their potential to generate an allelic series while also yielding new mutant occurrences in revertant progeny. If a transposable element tends to move to linked sites, as is the case with maize Activator (Ac), it would be expected to move back frequently to its originating locus and possibly create new alleles. Thomas Brutnell described his work with Steve Dellaporta at Yale University in this area, terming it "reconstitutional mutagenesis." He discussed how this approach could also be used to help define introdexon boundaries in agene, because afootprint left in an exon might have a greater effect on gene expression than one in an intron.
Modification or extension of a genetic technique to make it more useful in cloning was mentioned frequently during the meeting. For example, Anuj Bhatt, working with Caroline Dean at the John lnnes Centre, described two ways to increase the frequency of germinal excision of Ac in Arabidopsis. The deletion of a 537-bp CpGIGpC-rich region from the 5'untranslated leader sequence of Ac increased excision frequency from 0.5% to 3.0%. He also reported that selecting mutants for increased somatic excision resulted in a higher germinal excision rate, a relationship that has been seen in other element systems. Because 68% of germinal transpositions are to linked sites, stocks are being created with Ac or Dissociation (Ds) throughout the five Arabidopsis chromosomes. Interestingly, Bgl, an endogenous Arabidopsis transposon, is more active in plants transformed by Ac or Ds. The increased activity is apparently unrelated to transposase activity, because Ds transgenics also have a higher rate of Tagl transposition.
Hugo Dooner of DNA Plant Technology described how primary Ac transposition from T-DNA is quite low in transgenic petunia (0.5%). After primary transposition, however, Ac undergoes secondary transpositions much more frequently (36%). This secondary transposition frequency is generally similar to that of Ac in transgenic tobacco and tomato but can vary significantly among petunia lines. To study flower color in petunia, Dooner and associates used Ac to isolate a transcriptional regulator controlling pH, and therefore anthocyanin pigment color, known as Ph6 (Chuck et al., 1993) . They noted that altered flower color phenotypes varied according to genetic background, suggesting the presence of additional flower color genes interacting with Ph6.
Methods to intentionally alter chromosome organization have many applications in cloning plant genes. David Ow of University of California, Berkeley, and USDA Plant Gene Expression Center described various strategies to generate chromosome rearrangements in tobacco using Cre recombinase and loxsites (Qin et al., 1994) . To isolate the regions corresponding to deletions or inversions, in vitro recombination reactions were tested on the 5.7-Mb chromosome 1 of fission yeast. The Ow lab targeted loxsites into the ade2 and sw14 genes and showed that the chromosome could be "cleaved" at the loxsites through in vitro recombination between chromosomal lox sequences and exogenously provided loxoligonucleotides. The cleavage reaction released a 1.8-Mb chromosome segment flanked by loxsites, illustrating that it is now possible to separate a specific chromosome segment from the rest of the genome.
Evolving Strategies for Map-Based Cloning
Donald Straus of Brandeis University discus:i .d a set of powerful tools for use in positional gene cloning. RFLP subtraction, in which DNA sequences corresponding to RFLP differences between two strains are isolated, involves size selection of DNA from one of the strains followed by subtractive hybridization (Rosenberg et al., 1994) . The technique is basically an extension of the previously described genomic subtraction technique (Straus and Ausubel, 1990 ) that makes it possible to isolate DNA sequences that exhibit length polymorphisms as well as sequences from deletions and insertions. Straus and his associates used this technique to isolate nearly 600 unique sequence RFLPs between two inbred mouse strains. He also described how the strategy can be used to obtain RFLPs tightly linked to a target gene by combining RFLP subtraction and bulked segregant analysis (Michelmore et al., 1991) . With this approach, eight new RFLPs located near the Volvox Reg gene, which determines whether a cell becomes a terminally differentiated somatic cell or a totipotent germ line cell, were uncovered. These subtraction techniques offer great promise for isolating DNA in and around plant genes.
Goals of plant gene cloning projects vary, and it was clear that different systems are appropriate for different purposes. Due to its small genome size, construction of a complete physical map of Arabidopsis now appears feasible. Comparisons between the physical and genetic map should greatly facilitate cloning specific genes known only by phenotype. Joseph Ecker of the University of Pennsylvania reviewed the status of the Arabidopsis genome project, including the mapping of YACs using simple sequence repeats (SSRs) throughout the genome. SSRs potentially provide a convenient and highly polymorphic set of DNA markers for mapping and genomic analysis. Altogether, Ecker said, Arabidopsis YAC libraries with nearly 10-fold redundant coverage of the genome are now available. Using these tools, his group has cloned ein2, one of many ethyleneinsensitive mutants of interest. Soon, genome analysis in Arabidopsis may become comparable to the situation in the nematode Caenorhabditis elegans, for which the complete genomic sequence is projected to be completed by 1998.
Keith Edwards of Zeneca Seeds, United Kingdom, presented an analysis of a 79,000-clone maize YAC library, emphasizing the special problems presented by a relatively large genome and substantia1 amounts of repetitive DNA. Only 15% of the maize YACs have unique ends; the MEETING REPORT others terminate in repetitive sequences. Because this makes chromosome walking so difficult, Edwards suggested that chromosome walking would be easier in relatives of maize, like rice, with smaller genomes, thereby taking advantage of syntenic genome organization between the two taxa (Bennetzen and Freeling, 1993) . Edwards also described a useful strategy for characterizing YAC libraries based on repetitive DNAsequences. Any dispersed repetitive sequence is likely to be present only a few times on a single YAC and be surrounded by distinct flanking sequences. Thus, repetitive sequences can potentially be used to fingerprint YAC clones and to construct YAC contigs without the need for traditional chromosome walking. Edwards referred to this approach as "island mapping."
The difficulties associated with mapbased cloning were often mentioned during the symposium. However, Greg Martin's work on the cloning of the bacteria1 speck resistance locus (Pfo) in tomato was a beautiful example of success. In reviewing the extensive work required to identify the cloned gene, Martin emphasized the value of uncovering many tightly linked DNA markers before initiating any chromosome walking, preferring to proceed from "chromosome landing." In experiments that included transformation and complementation of the susceptible allele, the identity of the Pfo resistance gene was confirmed and shown to representa type of serine-threonine protein kinase (Martin et al., 1993) .
The Complexity of Plant Genes
One theme to emerge from the symposium was that plant genes are not necessarily simple in organization. Nasrallah's elegant work on S-alleles showed the complexity of different S-locus haplotypes. The Pfo locus of tomato was similarly shown to consist of severa1 tightly linked open reading frames with conserved, but distinct, maize YACs demonstrated how relatively short DNA stretches can be terribly complex: 36 different repetitive sequences have been found in a single YAC containing the Adbl sequence (Springer et al., 1994) .
Successes and Challenges
The symposium illustrated the efficacy of different techniques for cloning plant genes, as well as the phenomenal amount of information resulting from such studies. The challenge will be to keep refining cloning approaches to make them more user friendly and efficient. The meeting also emphasized the necessity of understanding the biology of the organism, the value of mutants, and the need to match the cloning strategy with the gene of interest. Increasingly, cloning plant genes will yield key insights into genome organization, as well as into the organismal, developmental, and cellular biology of plants.
